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  21 
ABSTRACT 22 
The effects of sulfhydryl (-SH) reagents on protein aggregation reactions in heated whey 23 
protein isolate (WPI) and pure α-lactalbumin (α-La) were investigated. In contrast to its 24 
previously reported effect with pure β-Lg, dihydrolipoic acid (DHLA) markedly reduced the 25 
heat stability of WPI, especially the α-La component, which aggregated much more readily in 26 
the presence of DHLA than in WPI alone. Whilst pure α-La is quite stable to heat, it is much 27 
less stable in the presence of DHLA. An effect similar to DHLA was observed with reduced 28 
glutathione (GSH). N-ethylmaleimide (NEM), and to a lesser extent, dithio(bis)-p-29 
nitrobenzoate (DTNB), improved the heat stability of WPI; these reagents had little effect on 30 
α-La. 31 
(Key Words: dihydrolipoic acid, sulfhydryl reagents, aggregation, β-lactoglobulin, heat 32 
stability, whey protein isolate, α-lactalbumin). 33 
34 
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1. Introduction 35 
Whey proteins are well known for their high nutritional value and their various applications 36 
in food products. The major whey proteins are β-lactoglobulin (β-Lg), α-lactalbumin (α-La) 37 
and bovine serum albumin (BSA) (Schmitt, Bovay, Rouvet, Shojaei-Rami, & Kolodziejczyk, 38 
2007). A drawback of whey protein products, such as whey protein concentrate (WPC) and 39 
whey protein isolate (WPI), is their instability to thermal processing which is mainly due to 40 
the heat-induced denaturation and aggregation of whey proteins. This has led to numerous 41 
investigations of ways to improve their heat stability. 42 
The heat stability of whey proteins has been studied in both WPI and WPC, with β-Lg 43 
dominating the denaturation and aggregation behaviour in these products. This is largely due 44 
to its higher concentration than the other whey proteins. Nevertheless, closer investigations 45 
have revealed the importance of α-La and BSA in heat-induced denaturation and aggregation 46 
reactions of WPC/WPI (Havea, Singh, & Creamer, 2000; Hines & Foegeding, 1993; 47 
Matsudomi & Oshita, 1996).  48 
Previously, we have reported that the addition of dihydrolipoic acid (DHLA), as well as N-49 
ethylmaleimide (NEM) and dithio(bis)-p-nitrobenzoate (DTNB) (Refer to Figure S.D. 1A-C 50 
for their chemical structures), reduced the formation of aggregates in a heated pure β-Lg 51 
system (Wijayanti, Oh, Sharma, & Deeth, 2013). This was attributed to the ability of these 52 
reagents to specifically react with the -SH group of the reactive β-Lg monomer, forming a 53 
covalent derivative that cannot participate in aggregation reactions. Nevertheless, each of 54 
these -SH reagents behaved differently depending on the heating temperature.  55 
In the present work, heat stabilities of the major whey proteins in WPI and of pure α-La were 56 
studied in the presence of DHLA. The effect of DHLA was also compared with those of 57 
NEM and DTNB, as well as reduced glutathione (GSH) (Refer to Figure S.D. 1D for its 58 
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chemical structure), which, like DHLA, contains a free -SH group. Previous studies on the 59 
effect of NEM on the heat stability of WPI have mostly focused on gelation using high 60 
concentrations of WPI (Alting, Hamer, de Kruif, Paques, & Visschers, 2003; Alting, Hamer, 61 
de Kruif, & Visschers, 2000; Xiong & Kinsella, 1990; Zhu & Labuza, 2010). The present 62 
study focussed on the aggregation of whey proteins when heated at a relatively low 63 
concentration. Reported studies on the influence of DTNB on heated mixtures of whey 64 
proteins are limited as DTNB has been mostly used to determine the availability of -SH 65 
groups in proteins (Alting et al., 2004; Qi & Onwulata, 2011). Although DTNB and NEM are 66 
effective in reducing the formation of aggregates when pure β-Lg is heated in their presence 67 
(Wijayanti et al., 2013), they are not food-compatible; hence DHLA and GSH, being present 68 
in almost all foods in either their reduced or oxidised forms (Durrani, Schwartz, Nagl, & 69 
Sontag, 2010; Wierzbicka, Hagen, & Tones, 1989) and widely available as food supplements, 70 
were investigated as potential candidates for increasing the heat stability of WPI. 71 
2.    Materials and methods 72 
2.1.   Materials 73 
DHLA, DTNB, NEM, GSH and α-La were obtained from Sigma Chemicals (NSW, 74 
Australia). WPI (92% protein) was obtained from Fonterra, New Zealand. The 75 
electrophoresis chemicals were obtained from Bio-Rad (NSW, Australia). All other 76 
chemicals used were of analytical grade. Milli-Q water was used for all solutions (18.2 77 
MΩ.cm, Millipore Pty Ltd. NSW, Australia).  78 
2.2.    Methods 79 
2.2.1. Preparation of WPI solutions, with and without sulfhydryl reagents 80 
A stock solution of WPI with protein concentration of 2% (w/w) was prepared by dissolving 81 
WPI in Milli-Q water and stirring at room temperature (~22oC) for 2 h. The WPI solution 82 
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was left overnight at 4oC to allow complete hydration of the proteins. On the following day, 83 
the solution was warmed to room temperature while being stirred, and filtered through a 0.45 84 
µm filter to remove any insoluble material. 85 
Sulfhydryl reagents (DHLA, DTNB, NEM and GSH) were prepared in 50 mM phosphate 86 
buffer at pH 6.8 and added to the WPI solution. The mixtures of WPI and -SH reagents were 87 
prepared by mixing equal amounts (by volume) of WPI stock solution and freshly prepared 88 
solutions of DHLA, DTNB, NEM or GSH to produce a final protein concentration of 1% 89 
(w/w) and a molar ratio of these reagents of 1:1 relative to the β-Lg monomer. Assuming that 90 
~ 50% of the total WPI protein is β-Lg and 10-15% is α-La (Schmitt et al., 2007), 1% WPI is 91 
equivalent to ~ 0.5% (w/w) β-Lg. Therefore, the β-Lg concentration in 1% WPI is similar to 92 
that used in our previous study with pure β-Lg (5 mg/ml) (Wijayanti et al., 2013). An aliquot 93 
of 50 mM phosphate buffer, pH 6.8, of the same volume as that of the solutions of sulfhydryl 94 
reagents used, was added to the WPI solution that did not contain sulfhydryl reagents, to act 95 
as a control.  96 
2.2.2. Preparations of α-La solutions, with and without -SH reagents 97 
A solution of α-La was prepared by adding α-La to Milli-Q water (2.5 mg/ml) and vortexing 98 
gently at ~200 rpm at approximately 25oC until it fully dissolved.  99 
To the α-La solution, DHLA, DTNB, NEM and GSH were added in a molar ratio of reagent 100 
to β-Lg monomer of 1:1. The reason why the -SH reagents were prepared based on the 101 
monomer of β-Lg was to obtain similar conditions as in the WPI system so a direct 102 
comparison of results could be made. 103 
2.2.3. Heat treatments 104 
WPI: The samples (WPI alone, WPI + DHLA, WPI + NEM, WPI + DTNB, WPI + GSH) in 105 
closed 1.5 ml tubes covered with aluminium foil were heated in a thermostatically controlled 106 
waterbath (Ratek Instruments Pty. Ltd. Victoria, Australia) at 70 or 85oC for 30 min.  107 
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α-La: The samples (α-La alone, α-La + DHLA, α-La + NEM, α-La + DTNB, α-La + GSH) 108 
were heated at 70 or 85oC for 30 min.  109 
After heating, all samples were immediately quenched in ice water for 1 h to stop 110 
denaturation/aggregation. The treated samples were left to warm to room temperature 111 
(~22oC) prior to chromatographic and electrophoretic analyses. 112 
2.2.4. Size Exclusion-High Performance Liquid Chromatography (SE-HPLC)  113 
Samples were analysed on a BioSep SEC- S3000 (300 x 7.8 mm i.d., Phenomenex Australia 114 
as described by Wijayanti et al. (2013). 115 
2.2.5. Polyacrylamide Gel Electrophoresis (PAGE) 116 
Native-PAGE, non-reducing SDS-PAGE (NR SDS-PAGE) and reducing SDS-PAGE (R 117 
SDS-PAGE) analyses were performed as described by Wijayanti et al. (2013). The PAGE 118 
samples were prepared by diluting 100 µl of the corresponding sub-samples (α-La or WPI 119 
solutions) with 200 µl of the appropriate sample buffer (pH 6.8). Subsequently, the samples 120 
were loaded accurately (5 µl/well) into the sample loading well using a micropipette. 121 
Electrophoresis was carried out at 200 V. 122 
2.2.6. Reversed-phase High Performance Liquid Chromatography (RP-HPLC)  123 
All samples were adjusted to pH 4.6 ± 0.1 by addition of acetic acid/sodium acetate (0.5 M) 124 
to precipitate highly aggregated protein. Acetic acid/sodium acetate was added to the samples 125 
at a ratio 1:1. The precipitated samples were centrifuged at 14 000 g for 10 min at room 126 
temperature. 100 µl of the resulting supernatants were diluted with solvent A (0.1% TFA in 127 
Milli-Q water) and B (0.1% TFA in acetonitrile) at a ratio of 70:30. The diluted samples were 128 
filtered through a filter with a pore size of 0.45 µm before injection into a Jupiter 5U C18 129 
(300Å, Size: 250 x 4.60 mm i.d., Phenomenex Australia Pty Ltd.) column equipped with a 130 
stainless steel guard column (C18 4 x 3.0 mm, AJO-4321, Phenomenex Australia Pty Ltd.) 131 
and a security guard cartridge (4 x 3.0 mm, Phenomenex Australia Pty Ltd.). The HPLC was 132 
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equipped with a UV-VIS detector (SPD-10 AV Shimadzu UV-VIS Detector). The column 133 
was operated at room temperature (25oC) at a flow rate of 1 ml/min. It was equilibrated in 134 
73% solvent A and after sample injection a 1-min isocratic period was applied. A series of 135 
linear gradients were then applied according to method by Elliott, Datta, Amenu, and Deeth 136 
(2005), raising the concentration of solvent B to 32% over 2 min, then to 48.4% over 34.9 137 
min, and to 50.2% over 4 min. Solvent B was held at 50.2% for 2 min before reducing it, over 138 
17 min, back to the initial level of 27%. Detection was by absorbance at 220 nm and total run 139 
time was 60 min per sample. All samples were analysed in triplicate.  140 
2.2.7. Statistical analysis 141 
All results were analysed using Minitab 16 software (2010 Minitab Inc.). ANOVA was 142 
performed to examine statistical differences between the samples at p = 0.05. 143 
3.    Results and discussion 144 
3.1. Heat stability of whey proteins without -SH reagents  145 
The SE-HPLC data (Figure 1A, chromatogram I-III) showed that pure α-La only slightly 146 
denatured when heated alone. This was indicated by the formation of a small peak at a 147 
retention time (~12.2 min) shorter than that of unheated α-La which corresponds to a dimer 148 
of α-La (~25.4 kDa); this was clearly seen on an expanded chromatogram (Figure S.D. 2). 149 
This is consistent with the Native-PAGE and NR SDS-PAGE results (Figure 2A-B), which 150 
show formation of a dimer upon heating α-La, being most evident at 85oC (Figure 2B, Lane 151 
3). There was also formation of a modified α-La monomer (Figure 2A, Lane 3, Region 152 
modified α-La) which, according to Hong and Creamer (2002), is the intermediate 153 
monomeric species that initiates the internal disulfide bond interchange reactions in heated α-154 
La systems which lead to formation of dimers, trimers and higher-molecular weight (Mw) 155 
aggregates. McGuffey, Epting, Kelly and Foegeding (2005) suggested that formation of an 156 
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intermediate species, referred to as the molten globule state, is an indicator of irreversible 157 
denaturation of α-La due to intra-molecular disulfide bond shuffling. Other researchers, 158 
however, have reported that α-La does not form aggregates when heated alone due to the lack 159 
of a free -SH group (Dalgleish, Senaratne, & Francois, 1997; Elfagm & Wheelock, 1978; 160 
Gezimati, Creamer, & Singh, 1997; Havea, Singh, & Creamer, 2001). Nevertheless, the 161 
formation of a dimer indicated that there was disulfide bond cleavage of native α-La upon 162 
heating, as supported by the R SDS-PAGE (Figure S.D. 3).  163 
In the heated WPI system, α-La denatured more rapidly than BSA, followed by β-Lg (Figure 164 
1B, chromatogram IV-VI). The significant decrease in α-La is attributable to the presence of 165 
free -SH groups in β-Lg and BSA which enhance the -SH/disulfide interchange reactions 166 
between these proteins (Schokker, Singh, & Creamer, 2000; McGuffey, Otter,  van Zanten, & 167 
Foegeding, 2007). The greater denaturation of α-La than β-Lg was confirmed by Native-168 
PAGE and NR SDS-PAGE, which show that the losses of native-like α-La and SDS-169 
monomeric α-La were greater than those of native-like β-Lg AB and SDS-monomeric β-Lg at 170 
both heating temperatures (Figure 3A&B, Lane 2-3). This result differs from other findings 171 
where β-Lg was lost more rapidly than α-La in the early stages of heating WPI alone; 172 
however, α-La dominated the later stage reaction  173 
3.2.   Heat stability of whey proteins in the presence of DHLA and GSH  174 
The presence of DHLA during heating of WPI markedly reduced the concentration of the 175 
individual whey proteins and enhanced formation of high-Mw aggregates (Figure 1A, 176 
chromatogram IV vs. V & VI; Figure 3A-B, Lane 4-5) as compared to the non-modified WPI 177 
system. Upon heating to 70oC and 85oC, the loss of soluble α-La, as indicated by RP-HPLC, 178 
in the presence of DHLA was significantly greater than in the non-modified WPI system 179 
(Figure 1B, chromatogram IV vs. V-VI).  Soluble BSA, on the other hand, was lost through 180 
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denaturation even during heating at 70oC (Figure 1B, chromatograms IV vs. V-VI & Figure 181 
3B, Lane 4-5). Comparison of the non-modified WPI and DHLA/WPI systems showed that 182 
the proportion of very large aggregates that did not enter the stacking gel was greater for the 183 
DHLA/WPI system (Figure 3B, Lane 2-3 vs. 4-5). This indicated that the -SH/disulfide 184 
interchange reactions in the DHLA/WPI system were very rapid and more extensive than in 185 
the non-modified WPI system. The substantial decrease in α-La in the presence of DHLA is 186 
attributable to the high reactivity of DHLA towards a disulfide bond of α-La, as shown in the 187 
DHLA/α-La system (Figure 1A, chromatogram I vs. II-III and Figure 2A-B, Lane 4-5), 188 
probably the C6-C120 S-S bond which is the most reactive disulfide bond of α-La (McGuffey 189 
et al., 2007). Although DHLA greatly increased denaturation of α-La and BSA, it 190 
significantly (p<0.05) reduced denaturation of β-Lg A and B variants (Figure 1B, 191 
chromatogram IV vs.V-VI & Figure 3B, Lane 2-3 vs. 4-5), confirming the previous results 192 
for the heated β-Lg system, that DHLA is able to improve the heat stabilty of β-Lg (Wijayanti 193 
et al., 2013) . Nevertheless, the blocking of reactive -SH groups by DHLA was not fast 194 
enough to compete with the -SH/disulfide interchange reactions occurring due to rapid self-195 
aggregation of BSA or α-La and inter-protein interactions of α-La and BSA. Since the 196 
denaturation temperatures of BSA and α-La are similar (~60oC), these proteins may start to 197 
denature irreversibly at 70oC in the DHLA/WPI system. Presumably, the free -SH groups in 198 
DHLA initiate denaturation and aggregation of BSA and α-La.  199 
Similarly, GSH did not improve the heat stability of WPI (Figure 4A, chromatogram IV vs. 200 
V-VI). Instead of reducing the formation of aggregates, GSH enhanced the formation of high-201 
Mw aggregate species. These were covalently linked as confirmed by Native-PAGE and NR 202 
SDS-PAGE, where bands of proteins that were too large to enter the stacking gel were 203 
observed in the presence of GSH (Figure 3A-B, Lane 6-7). This suggests that GSH was 204 
involved in reduction of one or more of the disulfide bonds of α-La which then initiated inter-205 
  
10 
 
protein complex formation between α-La and β-Lg or BSA. This theory is supported by the 206 
results of the heated pure α-La system which showed the ability of GSH to alter the α-La 207 
monomer and reduce the reversibility of heat denaturation of α-La (Figure 2A-B, Lane 6-7). 208 
GSH in the heated α-La system enhanced aggregation of α-La compared with the non-209 
modified α-La system (Figure 4A, chromatogram I vs. II-III and Figure 2B, Lane 6-7).  210 
Quantification of the RP-HPLC results (Figure 4B, chromatograms V-VI) showed that the 211 
presence of GSH did not significantly increase the concentration of soluble β-Lg compared 212 
with that in the non-modified WPI system (p>0.05). The losses of soluble β-Lg A and B, 213 
however, were less than the losses of soluble α-La and BSA. PAGE results confirmed the 214 
similarity of interactions involved in the formation of aggregates with or without the addition 215 
of GSH (Figure 3A-B, Lane 6-7). Formation of intermediate-sized aggregates, as observed in 216 
the SE-HPLC chromatogram, which were not separated from the BSA peak, was greater in 217 
the system with GSH than in the non-modified WPI system during heating at 85oC (Figure 218 
4A, chromatogram IV vs. V-VI). Dissociation of the β-Lg dimer into monomers was not 219 
observed in either the GSH/WPI or non-modified WPI system (Figure 4A, chromatogram V-220 
VI). 221 
3.3.   Heat stability of whey proteins in the presence of DTNB and NEM  222 
In contrast to DHLA and GSH, DTNB did not cause significant formation of aggregates 223 
(Figure 5A, chromatogram V-VI & Figure 3A-B, Lane 8-9) during heating of WPI. The SE-224 
HPLC results showed that when DTNB was added, a β-Lg monomer was formed during 225 
heating (Figure 5A, chromatogram V-VI). The chromatograms of the heated DTNB/WPI also 226 
contained peaks with longer retention times of around 14.6 min and 16.0 min which have 227 
been tentatively assigned to DTNB and TNB, respectively. The monomer peak of α-La was 228 
preserved and there was less formation of aggregates than in the sample without DTNB 229 
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(Figure 5A, chromatogram V-VI). Unlike DHLA and GSH, DTNB improved the heat 230 
stability of α-La in the pure α-La system, especially upon heating to 85oC (Figure 5A, 231 
chromatogram II-III). The ability of DTNB to improve the heat stability of α-La is 232 
attributable to its specific binding to the -SH groups of β-Lg and presumably BSA, and its 233 
low reactivity towards the disulfide bonds of α-La, as shown by the absence of protein 234 
aggregate bands in Native-PAGE (Figure 2A, Lane 8-9) and NR SDS-PAGE (Figure 2B, 235 
Lane 8-9). Since DTNB preferentially reacts with -SH groups, as indicated from the result in 236 
the heated pure α-La system, the reaction between DTNB and an -SH group of α-La will only 237 
occur after α-La has been heat denatured and reactive -SH groups have been formed. At this 238 
point, DTNB will capture the reactive -SH group and prevent aggregation of α-La.  239 
The greater retention of soluble β-Lg, α-La and BSA in the presence of DTNB was indicated 240 
by RP-HPLC (Figure 5B, chromatogram V-VI).  The peaks of β-Lg variants A and B (Figure 241 
5B, chromatogram V-VI) were shifted due to reaction of their free -SH groups with DTNB to 242 
form TNB derivatives (Sakai, Sakurai, Sakai, Hoshino, & Goto, 2000).  243 
The formation of modified monomers of β-Lg, as mentioned above, is evident in the Native- 244 
and NR SDS-PAGE results which show that there was increased formation of disulfide-245 
linked modified monomers (Figure 3A-B, Lane 8-9, band I). Since there was less formation 246 
of higher-Mw aggregate bands in the presence of DTNB (Figure 3A-B, Lane 8-9), it was 247 
concluded that the modified monomer band included the postulated TNB-β-Lg derivative but 248 
also contained some reactive non-derivatised monomers which aggregate to form 249 
intermediate-Mw and higher-Mw aggregates as observed by PAGE (Figure 3A-B, Lane 8-9. 250 
Although formation of higher-Mw aggregates was considerably lower in the DTNB/WPI 251 
system than in the non-modified WPI system, formation of intermediate aggregates (e.g. α-252 
La/β-Lg complex and β-Lg trimer) was enhanced in the presence of DTNB (Figure 3B, Lane 253 
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2-3 vs. 8-9). This suggests that there were rapid -SH/disulfide interchange reactions within 254 
the whey proteins in the presence of DTNB. Additionally, upon increasing the temperature to 255 
85oC, some high-Mw aggregates were formed in the presence of DTNB, probably due to 256 
inter-protein -SH/disulfide interchange reactions that occurred faster than the reaction of the 257 
protein -SH group with DTNB. Consequently, a decrease in the amount of whey proteins was 258 
observed by both SE-HPLC and RP-HPLC as the temperature was increased from 70oC to 259 
85oC (Figure 5A & B, chromatograms V-VI).  260 
NEM considerably improved the heat stability of the whey proteins, according to the HPLC 261 
and electrophoresis results (Figure 6A &B, chromatogram IV vs V&VI; Figure 3A-B, Lanes 262 
2&3 vs 10&11). NEM enhanced the dissociation reaction of the β-Lg dimer into monomers 263 
probably by destabilizing the hydrophobic core and the dimer structure (Figure 6A, 264 
chromatogram V-VI) (Sakai et al., 2000) and trapping the monomer formed. NEM also 265 
improved the heat stability of α-La and BSA (Figure 6A & B, chromatogram IV vs. V&VI; 266 
Figure 3A-B, lanes 2&3 vs. 10&11) and considerably reduced the formation of intermediate 267 
aggregates (Figure 6A, chromatogram V&VI and Figure 3B, Lane 2&3 vs. 10-11). In Figure 268 
3A and B, a band corresponding to SDS-monomeric BSA was observed in the presence of 269 
NEM. The intensity of this band decreased with increasing temperature and was more evident 270 
on the NR SDS-PAGE gel than on the Native-PAGE gel, indicating that BSA is mostly 271 
involved in covalently linked interactions when WPI is heated. These results have indirectly 272 
shown the involvement of NEM in blocking the reactive -SH group of BSA and consequently 273 
preventing the formation of complexes between BSA and other whey proteins. This 274 
considerably reduced the formation of higher-Mw aggregates.  275 
NR SDS-PAGE and R SDS-PAGE (which showed the monomer bands of all samples having 276 
the same mobility as those for the unheated WPI proteins; results are shown in Figure S.D. 4) 277 
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indicated that the intermediate aggregate species in heated WPI solutions were mainly formed 278 
by covalent (disulfide) interactions and the addition of NEM was able to reduce the formation 279 
of such aggregates by blocking the reactive -SH groups of the β-Lg monomers. The 280 
attachment of NEM to the reactive monomers was identified by the dissociation of the entire 281 
native-like β-Lg AB dimer into monomers (Figure 6A, chromatogram V-VI), and the 282 
presence of bands for NEM-modified monomers on Native-PAGE (Figure 3A, Lane 10-11) 283 
and NR SDS-PAGE gels (Figure 3B, Lane 10-11). These modified monomers were disulfide-284 
linked, as indicated by their absence on R SDS-PAGE gels (Fig. S.D. 4). 285 
When α-La was heated, NEM improved its stability, particularly when heated to 85oC (Figure 286 
6A, chromatogram II-III). The native α-La and soluble α-La (by RP HPLC) were very similar 287 
to those in the unheated α-La control (Figure 6B, chromatogram II-III). In fact, there was no 288 
significant difference (p>0.05) in the amount of the soluble α-La in the presence of NEM as 289 
compared to the unheated control. This result confirms the specific interaction of NEM 290 
towards -SH groups and not towards disulfide bonds. The reaction between NEM and α-La 291 
would only occur if one of the disulfide bonds of α-La was reduced, possibly during heating, 292 
resulting in formation of -SH groups.  No aggregates were observed on Native-PAGE and 293 
NR SDS-PAGE gels of α-La heated at 70oC or 85oC in the presence of NEM (Figure 2A-B, 294 
Lane 10 & 11). Instead, native-like α-La and SDS-monomeric α-La were present as a thick 295 
monomer band, and some modification of the α-La band was observed on the Native-PAGE 296 
gel (Figure 2A, Lane 10-11, modified α-La region). Such modification may relate to the 297 
molten globule conformation of α-La which forms during heating.  298 
4.   Conclusion 299 
In contrast with the previous results obtained from heating β-Lg with DHLA, extensive 300 
protein aggregation occurred when α-La alone or WPI was heated in the presence of DHLA. 301 
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The high reactivity of DHLA towards α-La is attributable to formation of -SH groups through 302 
cleavage of a sensitive disulfide bond during heating. GSH was also able to reduce disulfide 303 
bond and induce formation of aggregates but this was not as significant as in the system with 304 
DHLA, possibly due to the lower reactivity of GSH towards the disulfide bonds of α-La. 305 
DTNB and NEM considerably reduced the formation of aggregates in the heated WPI system 306 
by reacting with the reactive -SH groups of β-Lg (and presumably BSA) which catalyse the 307 
aggregation of α-La.  Neither DTNB nor NEM affected α -La when heated alone with these 308 
reagents.  NEM was the most effective -SH reagent in reducing the formation of intermediate 309 
aggregates, such as dimers, trimers and tetramers, and in preventing formation of high-Mw 310 
aggregates involving α-La. Therefore the food-compatible reagents, DHLA and GSH, 311 
enhanced aggregation of α-La, while the non-food chemicals DTNB and NEM considerably 312 
reduced aggregation of α-La when heated alone or as a component of WPI. 313 
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Figure captions 387 
Fig. Caption Format 
1. Fig. 1. SE-HPLC (A) and RP-HPLC (B) profiles of α-La and WPI heated 
without (black line) and with (grey line) DHLA at various temperatures 
for 30 min. Chromatogram I, unheated control α-La; II, α-La 70oC; III, α-
La 85oC; IV, unheated control WPI; V, WPI 70oC; VI, WPI 85oC. 
pdf 
2. Fig. 2. Native PAGE, (A) and NR SDS-PAGE (B) patterns of α-La 
unheated, heated alone and heated in the presence of -SH  reagents for 30 
min at 70oC and 85oC (1=unheated control; 2=heated at 70oC; 3=heated at 
85oC; 4=DHLA, 70oC; 5= DHLA, 85oC; 6=GSH, 70oC; 7=GSH, 85oC; 
8=DTNB, 70oC; 9=DTNB, 85oC; 10=NEM 70oC; & 11=NEM, 85oC). 
pdf 
3. Fig. 3. Native- (A) and NR SDS-PAGE (B) patterns of WPI unheated, 
heated alone and heated in the presence of various –SH  reagents 
(1=unheated control; 2=heated at 70oC; 3=heated at 85oC; 4=DHLA, 
70oC; 5= DHLA, 85oC; 6=GSH, 70oC; 7=GSH, 85oC; 8=DTNB, 70oC; 
9=DTNB, 85oC; 10=NEM 70oC; & 11=NEM, 85oC) for 30 min at 70oC 
and 85oC.  
pdf 
4. Fig. 4. SE-HPLC (A) and RP-HPLC (B) profiles of α-La and WPI heated 
without (black line) and with (grey line) GSH at various temperatures for 
30 min. Chromatogram I, unheated control α-La; II, α-La 70oC; III, α-La 
85oC; IV, unheated control WPI; V, WPI 70oC; VI, WPI 85oC. 
pdf 
5. Fig. 5. SE-HPLC (A) and RP-HPLC (B) profiles of α-La and WPI heated 
without (black line) and with (grey line) DTNB at various temperatures 
for 30 min. Chromatogram I, unheated control α-La; II, α-La 70oC; III, α-
La 85oC; IV, unheated control WPI; V, WPI 70oC; VI, WPI 85oC. 
pdf 
6. Fig. 6. SE-HPLC (A) and RP-HPLC (B) profiles of α-La and WPI heated 
without (black line) and with (grey line) NEM at various temperatures for 
30 min. Chromatogram I, unheated control α-La; II, α-La 70oC; III, α-La 
85oC; IV, unheated control WPI; V, WPI 70oC; VI, WPI 85oC. 
pdf 
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Captions for Supplementary Data 391 
 392 
Figure 
number 
Caption Format 
S.D. 1 Chemical structure of DHLA (A), NEM (B), DTNB (C) or GSH (D). pdf 
S.D. 2 SE-HPLC elution profiles of α-La heated without the sulfhydryl 
reagents at 70oC or 85oC for 30 min (top figure). Expanded 
chromatogram of α-La heated without the sulfhydryl reagents at 70oC 
or 85oC for 30 min (bottom figure). 
pdf 
S.D. 3 R SDS-PAGE patterns of α-La unheated, heated alone and heated in 
the presence of sulfhydryl  reagents for 30 min at 70oC and 85oC 
(1=unheated control; 2=heated at 70oC; 3=heated at 85oC; 4=DHLA, 
70oC; 5= DHLA, 85oC; 6=GSH, 70oC; 7=GSH, 85oC; 8=DTNB, 70oC; 
9=DTNB, 85oC; 10=NEM 70oC; & 11=NEM, 85oC).  
pdf 
S.D. 4 R SDS-PAGE patterns of WPI unheated, heated alone and heated in 
the presence of sulfhydryl  reagents (1=unheated control; 2=heated at 
70oC; 3=heated at 85oC; 4=DHLA, 70oC; 5= DHLA, 85oC; 6=GSH, 
70oC; 7=GSH, 85oC; 8=DTNB, 70oC; 9=DTNB, 85oC; 10=NEM 70oC; 
& 11=NEM, 85oC) for 30 min at 70oC and 85oC. 
pdf 
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Highlights: 397 
• Dihydrolipoic acid (DHLA) improved the heat stability of β-lactoglobulin in WPI. 398 
• DHLA and glutathione (GSH) reduced the heat stability of α-lactalbumin (α-La) 399 
• DHLA and GSH were reactive towards a disulfide bond of α-La  400 
• DTNB and NEM were not reactive towards a disulfide bond of α-La 401 
• N-ethylmaleimide improved the heat stability of all whey proteins in WPI. 402 
 403 
